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Introduction
During drug discovery and preclinical drug development, in vivo drug disposition and bioavailability studies are often conducted in rats, dogs, primates and other species.
It is increasingly recognized that the fraction of an orally administered drug that reaches the systemic circulation is controlled by both intestinal and hepatic metabolism.
However, the contribution of the intestinal epithelia to the overall "first-pass effect" of drugs is difficult to quantify because the small intestine and liver are connected in series.
Correct assessment of the separate roles of hepatic and intestinal drug metabolizing capacity in determining drug bioavailability and the extent of first-pass metabolism led us to develop (Uhing and Kimura, 1995a; Uhing and Kimura, 1995b; Beno et al., 2001 ) and validate (Esguerra et al., 2000; Shaw et al., 2002; Uhing et al., 2004) a 5-catheter rat model for pharmacokinetic and drug-drug interaction studies in rats. Drug disposition studies can be conducted in awake, free-moving animals that have fully recovered from surgery and anesthesia and have regained their pre-operative weight. Simultaneous sampling allows us to quantify the precise time course of changes in such pharmacokinetic parameters as clearance and hepatic extraction ratio.
Itraconazole (ITZ), an orally active triazole antifungal agent, exhibits dosedependent first-pass metabolism and nonlinear pharmacokinetics in both humans and rats (Hardin et al., 1988; Heykants et al., 1989; Yoo et al., 2000; Shin et al., 2004) .
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-5 -Cheymol, 1998). Calculation of oral bioavailability compares the time-averaged AUC following oral administration to the time-averaged AUC after intravenous drug administration.
Measurement of dose-dependence and time-dependence in bioavailability and first-pass metabolism of itraconazole may be unreliable when based upon time-average values for AUC. Using our novel, 5-catheter chronic rat model ( Fig.   1 ), we administered ITZ intra-duodenally and obtained blood samples simultaneously from aorta, portal vein and hepatic vein. In particular, this recently validated model (Beno et al., 2001; Uhing et al., 2004) obviated the need to administer ITZ by both the intravenous and duodenal route. The measurement of the real-time changes in the absorption rate of ITZ and in hepatic availability, F H , of ITZ and OH-ITZ, permitted us to assess the separate roles of the liver and intestine in the disposition of ITZ in rats.
This article has not been copyedited and formatted. The final version may differ from this version. described (Uhing and Kimura, 1995a; Uhing and Kimura, 1995b) and validated (Beno et al., 2001; Uhing et al., 2004) .
Experimental Design of Pharmacokinetic Studies. Animals were divided into two groups and a dose of 5 or 40 mg/kg of ITZ, was administered via the duodenal catheter.
ITZ (10 mg/mL) was diluted in 0.9% sodium chloride to a final volume of 2 mL and administered over a 5-minute infusion. Aortic, portal venous and hepatic venous blood samples were simultaneously obtained at 5, 7.5, 10, 15, 20, 30, 45, 60, 120, 240, 480, 720 and 1440 min. After each blood withdrawal, animals were immediately transfused with an equal volume of blood obtained from other healthy, chronically catheterized male Sprague-Dawley rats. The red cell volume of all study animals remained stable over the time course of drug administration and blood sample withdrawal. Blood samples were stored at minus 80°C prior to assay.
Measurement of Intraconazole and Hydroxyitraconazole Concentrations. ITZ and
OH-ITZ were quantified as previously described (Dennison et al., 2007 
Based upon microsphere studies (Richter et al., 2001 ) and validated by measuring the portal venous-aortic concentration gradients after superior mesenteric artery infusion of can be represented by
Over any given time interval, typically between measurements, the average concentration (C AVG ) of drug can be estimated as
Hepatic availability (F H ) of ITZ therefore can also be estimated from:
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Thus,
The C IN,OH-ITZ vs. F H data were fit using nonlinear regression analysis (WinNonLin, Pharsight) and the rate constant for CYP3A inhibition (K i ) was determined using
where I is the calculated concentration of OH-ITZ entering the liver (C IN,OH-ITZ ). The calculated concentration of ITZ and OH-ITZ entering the liver represent the portal vein and hepatic artery (aortic) concentrations and differential flow rates as defined in equation 1. Hepatic blood flow was assumed to be 8-10 mL/min/100 g body weight (Uhing et al, 2004 
Results
Our chronically catheterized rat model is illustrated in Figure 1 . Blood samples were simultaneously obtained from the aortic, portal venous and hepatic venous catheters in animals that were unrestrained. ITZ was infused over 5 minutes via the duodenal catheter at least 4-5 days after surgery and anesthesia for catheter implantation. All animals had fully recovered from the effects of anesthesia and surgery and had regained to their pre-operative weight.
The time course of itraconazole and hydroxyitraconazole concentrations entering the liver following duodenal infusion of 5 mg/kg or 40 mg/kg of itraconazole is shown in -11 -entering the liver are shown in figure 4B . A counterclockwise hysteresis was observed.
The relationship between F H and ITZ and OH-ITZ concentrations entering the liver is shown in figure 4C and 4D, respectively. 
Discussion
Dose-dependent pharmacokinetics of ITZ have been described in both rats (Yoo et al., 2000; Shin et al., 2004) and humans (Heykants et al., 1989; Templeton et al., 2007) . The concentration-and time-dependent clearance and bioavailability of ITZ have been attributed to the inhibition of CYP3A by ITZ and the metabolites that are sequentially formed by CYP3A (Isoherranen et al., 2004; Templeton et al., 2007) .
Typically, the bioavailability of a drug is calculated from the ratio of the total AUC, from zero to infinity, following oral administration to the total AUC, following intravenous administration corrected for any differences in dose. Availability, determined in this way, represents a time-averaged parameter incorporating any changes in enzyme activity over the entire length of drug exposure. We examined the disposition of ITZ in a previously validated "5-catheter" rat model (Uhing et al., 2004) . With our novel surgical model, the disposition of a drug can be characterized following either intravenous, portal venous or duodenal administration. ITZ was administered intra-duodenally and blood samples were collected simultaneously from the aorta, hepatic vein and portal vein permitting the direct measurement of drug concentration entering and exiting the liver at all sampling times. Hepatic extraction was therefore directly calculated from the difference between the rate of drug entry into and exit from the liver. F H could be determined as the ratio of the rate of drug exiting the liver to that entering the liver. As demonstrated in this study ( Figures 4A and 5A) , F H is a dynamic parameter that changes with drug concentrations entering and leaving the liver during absorption and elimination.
Changes in F H of ITZ were out of phase with ITZ concentrations entering the liver and exhibited a counterclockwise hysteresis (Fig. 4C, 5C 4D, 5D) . A key finding in the present study was the observation of a positive portal venous-aortic concentration gradient of OH-ITZ (Fig 3) . This indicated that this potentially important inhibitory metabolite is formed by intestinal first-pass metabolism.
ITZ is sequentially metabolized by human CYP3A4 to OH-ITZ, ketoitraconazole, and N-desalky-itraconazole (Isoherranen, 2004) . ITZ and its three metabolites all inhibit midazolam hydroxylation in human liver microsomes. Similar to humans, rats also express CYP3A in both liver and intestinal tissues with higher activities being observed in the liver. Unlike humans, rats express at least four different CYP3A
forms and these are selectively distributed between sexes and between the liver and intestine. Differential expression of rat CYP3A isoforms may account for the intestinal metabolism of such substrates as itraconazole but not others such as midazolam.
We quantified the time course of the change in F H of ITZ following duodenal administration of ITZ and used the changes in F H as a measure of CYP3A inhibition.
The K i calculated for OH-ITZ in this study was similar to that obtained from human liver microsomes (Isoherranen et al., 2004) . In a recent clinical study, the time-course of exposure to the downstream metabolites was similar to that of OH-ITZ and inclusion of metabolite data improved the prediction of the magnitude of CYP3A inhibition (Templeton et al., 2007) . However, the substrate affinity and inhibitory potential of OHThis article has not been copyedited and formatted. The final version may differ from this version. ITZ for the various rat CYP3A isozymes has not been examined. As the concentrations of N-desalky-itraconazole and keto-itraconazole were not determined in this study, involvement of these metabolites in CYP3A inhibition in rats cannot be ruled out. The Ki value for OH-ITZ, determined in vivo, would also incorporate any inhibitory effects of these other, unmeasured, down-stream metabolites. Yoo et al. (2000) reported that the fraction of ITZ converted to OH-ITZ in male Sprague Dawley rats following intravenous administration was 21 percent. This fraction increased to 76 percent after oral administration indicating that significant OH-ITZ formation occurs during first-pass metabolism in rats. Importantly, these investigators characterized the pharmacokinetics of OH-ITZ in rats after intravenous administration of OH-ITZ (Yoo et al., 2000) . Compared to ITZ, this major metabolite had a longer halflife (10 vs. 5 hours), a smaller apparent volume of distribution (2.4 vs. 6 L/kg) and a lower systemic clearance (3.4 vs. 14.2 ml/min/kg). Similar to our results, the systemic concentrations of OH-ITZ were higher and declined more slowly compared with ITZ after oral administration of ITZ (Yoo et al., 2000) . 2 hours following a 5 mg/kg duodenal dose of ITZ, we observed that the concentration of OH-ITZ entering the liver exceeded ITZ concentrations. Production of OH-ITZ by intestinal metabolism was estimated at any time-point by the concentration difference between the portal vein and the aorta. In our study, the maximal production of OH-ITZ in the gastrointestinal tract occurred within 60 minutes following duodenal administration of ITZ, similar to time course for maximal hepatic CYP3A inhibition. The time course for hepatic CYP3A inhibition may also reflect a contribution from keto-itraconazole and N-desalkyl-itraconazole, if these inhibitory metabolites are also formed from OH-ITZ by intestinal CYP3A. Shin et al. (2004) reported a dose-dependent decrease in ITZ clearance in male Sprague Dawley rats. The AUC of ITZ after intragastric and intraduodenal administration was significantly smaller compared to intraportal administration suggesting substantial intestinal first-pass metabolism of ITZ in rats. However, Shin et al. (2004) found that the plasma concentration time course of ITZ following a 30-min intraportal infusion of 10 mg/kg was similar to that seen after intravenous infusion suggesting that little, if any, hepatic first-pass metabolism of ITZ. This stands in marked contrast to the results of Yoo et al. and to our results and may be attributable to the nonphysiologic conditions that were present in the studies by Shin et al. (2004) . In some ITZ disposition studies (Yoo et al., 2000; Shin et al., 2004) , the drug was often administered to animals either while they were apparently under ketamine/xylazine anesthesia (Yoo et al., 2000) , or up to 5-6 hours after the animals had recovered from light ether anesthesia (Shin et al., 2004) . Shin et al. (Shin et al., 2004) reported that, possibly due to stress, many of the rats in the intestinal first-pass studies died between the 24 and 48-hour time points. We have previously shown that drug disposition studies performed within 2-3 days of anesthesia and surgery produce results that are not accurate because drug clearance and bioavailability are determined under non-physiologic conditions (Uhing et al., 2004) . The acute effects of surgery and anesthesia clearly compromise hepatic CYP3A drug metabolizing activity in rats (Uhing et al., 2004) .
Following oral administration of 10, 30 and 50 mg/kg of ITZ (Shin et al., 2004) , the mean time to the maximum plasma ITZ concentration was 158, 273 and 324 min, respectively, which is substantially longer absorption compared to our results (Fig 2A and 2B ).
Moreover, a 30 minute infusion of ITZ via the portal vein may have rapidly saturated
This article has not been copyedited and formatted. The final version may differ from this version. hepatic CYP3A, leading to the erroneous conclusion that rats lack hepatic first-pass metabolism of ITZ. Because pharmacokinetics of ITZ display dose-and time-dependent changes, it is crucial to eliminate other artifacts that may contribute to nonlinear drug disposition. The rats utilized in the present study were chronically catheterized and had fully recovered from effects of surgery and anesthesia, with minimal stress incurred during the study, enabling study under normal physiological conditions.
In summary, using a unique, novel 5-catheter rat model, we characterized the instantaneous hepatic availability of ITZ at multiple time points following intraduodenal administration of 5 or 40 mg/kg. Whether OH-ITZ is formed in rats by intestinal CYP3A
or another rat CYP isoform remains to be directly determined. Nevertheless, we measured a positive portal venous-aortic gradient for OH-ITZ indicating that this major metabolite of ITZ is formed during intestinal first-pass metabolism in the rat. The oral bioavailability of a drug is typically calculated as the ratio of the total AUC, from zero to infinity, following oral administration to the total AUC following intravenous administration, corrected for any differences in doses. Availability, determined in this way, represents a time-averaged parameter, from zero to infinity. As demonstrated in this study ( Figures 4A and 5A ), availability is a dynamic parameter that can change with liver drug concentration during absorption and elimination. In the present study, the instantaneous hepatic extraction of ITZ was directly and repeatedly determined from the differences between the rate of drug entry into and exit from the liver. Hepatic availability of ITZ was used as a surrogate measure of hepatic CYP3A inhibition. An increase in hepatic availability, from approximately 0.2 to 1.0, was observed during ITZ absorption and appeared to be a function of the OH-ITZ concentration entering the liver. The apparent rate constant (Ki) for inhibition of CYP3A was 38 ± 3 nM. R 2 = 0.33.
